Introduction
============

In his 1893 seminal report, Pietro Biginelli showed that benzaldehyde (**1**) can be condensed with ethyl acetoacetate (**2**) and urea (**3**) to form dihydropyrimidinone (**4**) in high yield ([Scheme 1](#sch1){ref-type="fig"}).[@cit1] This transformation created a foundational multi-component reaction (MCR) that changed the way chemists thought about constructing molecules. MCRs offer access to greater chemical diversity and are more efficient than other multi-step bimolecular processes.[@cit2] With its inherent modularity,[@cit3],[@cit4] the Biginelli reaction has unlocked vast libraries of dihydropyrimidinones,[@cit5] dihydropyrimidinthiones,[@cit6] and guanidines.[@cit7] Furthermore, the reaction has enabled the synthesis of both racemic[@cit6] and enantioenriched[@cit8]--[@cit11] molecules that exhibit significant anti-cancer, anti-microbial, anti-inflammatory, anti-viral, and calcium-channel inhibitory properties.[@cit6]

![The condensation of benzaldehyde (**1**), ethyl acetoacetate (**2**), and urea (**3**) leading to the Biginelli synthesis of dihydropyrimidinones (**4**).](c9sc00704k-s1){#sch1}

While the Biginelli reaction proceeds with a wide range of catalysts, including Lewis acids, Brønsted acids, hydrogen-bond donors, and even transition metals,[@cit12] attempts to realize a catalyst-free Biginelli reaction[@cit13]--[@cit15] have been met with mixed success.[@cit16] The development of a mild, room temperature protocol for the production of dihydropyrimidinones remains an important goal in the field. Such reactions offer the possibility of greater substrate scope and new reaction development.

Recently, the groups of Cooks,[@cit17]--[@cit26] Zare,[@cit27]--[@cit39] and others[@cit40]--[@cit46] have reported the acceleration of reactions in microdroplet environments during the process of electrospraying reagents into a mass spectrometer.[@cit32] Intrigued by the possibility of faster rates for multicomponent reactions, we explored the use of microdroplets as a means of enabling a rapid Biginelli reaction ([Scheme 2](#sch2){ref-type="fig"}). Here, we describe an extraordinary rate enhancement *en route* to Biginelli product **4** using only microdroplet evaporation. To date, the only other MCR that has been observed on microdroplets is the Hantzsch synthesis (which showed a rate enhancement of ∼10^5^).[@cit23] The ability to study MCRs on microdroplets is potentially paradigm shifting. Reagent confinement may allow many new reaction mechanisms to be accessed and monitored with the ease and power of mass spectrometry (MS). The ability to detect, separate, and alter the relative abundance of isomeric intermediates using ion mobility spectrometry (IMS) combined with MS is a first for microdroplet chemistry.[@cit47],[@cit48]

![Our report of the microdroplet-catalyzed Biginelli reaction using theta tip.](c9sc00704k-s2){#sch2}

Result and discussion
=====================

Rate acceleration relative to bulk-phase control reactions
----------------------------------------------------------

In the bulk-phase, refluxing **1**, **2**, and **3** in methanol and ethanol, in the presence of catalytic HCl, for 2 hours resulted in the precipitation of the Biginelli product **4** ([Scheme 3a](#sch3){ref-type="fig"}). Yet, several reports of heating **1**, **2**, and **3** in the absence of exogenous catalyst in acetonitrile,[@cit49],[@cit50] ethanol,[@cit51] octane,[@cit52] ethylene glycol,[@cit53] or neat fails to produce Biginelli product **4** ([Scheme 3b](#sch3){ref-type="fig"}).[@cit54] Additionally, we performed an uncatalyzed, room temperature reaction that only produced trace amounts of **4** after 48 hours of stirring (see ESI[†](#fn1){ref-type="fn"} for details).

![(a) Acid-catalyzed Biginelli produced products in high yields. (b) Prior reports show that no reaction takes place at room-temperature in the absence of a catalyst.](c9sc00704k-s3){#sch3}

Our results indicate that the Biginelli reaction is accelerated in microdroplets produced by electrospray ionization (ESI). For this a solution of **1**, **2**, and **3** in 1 : 1 MeOH : H~2~O was sprayed as a plume of charged droplets, and the resulting mixture analysed by MS (see ESI[†](#fn1){ref-type="fn"} for experimental details). Product **4** was detected instantly. Since this reaction produces only trace products in methanol (see ESI[†](#fn1){ref-type="fn"}) and acetonitrile at 48 hours,[@cit55] the microdroplet-catalyzed variant represents a significant rate enhancement. To quantify the rate enhancement, we used a theta-glass, double-barrel, capillary where a mixture of two reagents (*e.g.*, **1** and **2**) was sprayed from the first barrel, and the remaining reagent (*e.g.*, **3**) was sprayed from the second barrel (Fig. S1[†](#fn1){ref-type="fn"}). All combinations of reagents were analysed (see ESI[†](#fn1){ref-type="fn"} for details).

This method of spraying ESI generated droplets has been shown to allow fast mixing, on the order of μs to ms during the ESI process.[@cit45] The observed product formation confirms that the reaction occurs on these short ∼10 μs to ∼1 ms time-scales in microdroplets. This represents a massive acceleration relative to control bulk-phase reactions.[@cit55] This acceleration presumably arises as the microdroplet evaporates, a process that leads to high concentrations of reagents in confined spaces. Additional factors such as change in pH,[@cit27],[@cit28] droplet size,[@cit28],[@cit29] reagent concentration,[@cit28],[@cit34],[@cit46] solvent system,[@cit17],[@cit30] and droplet temperature,[@cit30],[@cit31] may also influence these reactions.

Based on recent reports,[@cit56],[@cit57] control experiments were needed to rule out gas-phase ion molecule reactions or clustering at the inlet. Indeed, the reaction did not proceed when molecular benzaldehyde (**1**) component was introduced into the sheath gas while the other two reactants were electrosprayed (see ESI[†](#fn1){ref-type="fn"}). Moreover, clustering at the inlet was ruled out by the efficiency with which the MS can thermalize ions, showing few if any buffer clusters, and only resolved ions. Taken together, these experiments support reaction in the droplets.

Comparison of data between spraying from a theta tip (double barrel capillary)[@cit43],[@cit45],[@cit48] and a single-barrel capillary indicated that this reaction proceeds faster using a theta tip. [Fig. 1](#fig1){ref-type="fig"} shows that product peaks (*e.g.*, *m*/*z* = 261 and 283) as well as the intermediate peaks (*e.g.*, *m*/*z* = 191 and 219) are more abundant when using a theta tip. This is attributed to the incredibly fast mixing times (μs scale) reported for theta tips.[@cit45],[@cit58] The abundance of the product peak achieved after spraying the reagents using the single barrel tip under exact same conditions (see ESI[†](#fn1){ref-type="fn"} for details) is also shown in [Fig. 1](#fig1){ref-type="fig"}.

![ESI mass spectrum of the Biginelli reaction using a double-barrel tip (top) and a single-barrel tip (bottom). In the double-barrel experiment, benzaldehyde (**1**) solution was sprayed from one barrel and a mixture of ethyl acetoacetate (**2**) and urea (**3**) were sprayed from the other barrel.](c9sc00704k-f1){#fig1}

Mechanistic insights for catalyst-free Biginelli in microdroplets
-----------------------------------------------------------------

Three mechanisms for the Biginelli reaction arise from the order in which the reagents **1**, **2**, and **3** can be combined to form **4**. Additionally, the operative mechanism can be biased by the relative concentrations of the starting materials, and the conditions of this reaction.[@cit3],[@cit4] The first attempt at explaining this mechanism was reported by Folkers and Johnson in 1933.[@cit59] Four decades later, Sweet and Fissekis proposed an alternative wherein the reaction proceeds *via* acid-catalyzed aldol-condensation of benzaldehyde with ethyl acetoacetate to form an activated carbonium ion **6**, which subsequently condenses with urea to form **4** ([Scheme 4a](#sch4){ref-type="fig"}).[@cit60] Later an NMR-guided re-examination of the mechanism led Kappe to propose an iminium first pathway, wherein **4** is formed *via* an *N*-acyliminium ion **8** ([Scheme 4b](#sch4){ref-type="fig"}).[@cit61] While two of the proposed pathways involved benzaldehyde as the first reactant, Cepanec first proposed the condensation of urea with ethyl acetoacetate to form an enamine **10** from intermediate **9**, which can then produce **4** after a condensation reaction with benzaldehyde ([Scheme 4c](#sch4){ref-type="fig"}).[@cit62] Cepanec\'s example differed from all previous postulates because the reaction proceeds in the presence of antimony([iii]{.smallcaps}) chloride, a Lewis-acid.[@cit62] More recently,[@cit63] De Souze and coworkers used ESI-MS to study the intermediates of this reaction and identified the *N*-acyliminium intermediate as expected from the mechanism proposed by Kappe, and also noted the presence of the bisurea intermediate detected by Folkers and Johnson.[@cit59],[@cit63] While several DFT studies have been reported on this reaction, they remain in conflict.[@cit6],[@cit63] Clearly, the observed mechanism depends on the reaction conditions and methods used to monitor and detect the intermediates.

![Different pathways observed during investigations into the mechanism of the Biginelli reaction.](c9sc00704k-s4){#sch4}

With the unique reaction conditions explored in microdroplets, we were interested in probing the operative mechanism by analysing reaction intermediates by mass spectrometry. We detected intermediates with *m*/*z* = 191 corresponding to intermediates along the enamine pathway ([Scheme 4c](#sch4){ref-type="fig"}). In addition, relatively small peaks for *m*/*z* = 219 was detected which is an intermediate along the Knoevenagel mechanism ([Scheme 4a](#sch4){ref-type="fig"}). The data provided in [Fig. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"} provide support for the presence of two competing pathways in microdroplets, the enamine and Knoevenagel pathways.

![Formation and separation of *cis*/*trans* isomers of an intermediate in the Biginelli reaction using IMS.](c9sc00704k-f2){#fig2}

Resolving isomeric intermediates using IMS-MS
---------------------------------------------

We have also examined the Biginelli reaction using our previously described IMS-MS techniques.[@cit64],[@cit65] The simple Knoevenagel condensation can generate a mixture of isomers. IMS-MS allows these isomers to be separated prior to MS analysis. [Fig. 2](#fig2){ref-type="fig"} shows the IMS separation for the *m*/*z* = 219 ion. We resolved *cis*- and *trans*-isomer products formed upon condensation of benzaldehyde and ethyl acetoacetate, which are intermediates in synthesis of many biologically relevant molecules such as amino acids and antibiotics. These isomeric products are difficult to separate and characterize by traditional methods. Our assignments for the *cis*/*trans* isomers were made as follows: a bulk condensation of benzaldehyde and ethyl acetoacetate was used to produce these isomeric products, which are unstable at room temperature. These products were chromatographically separated, and NMR spectra were obtained to assign each isomer. Once assigned, these samples were used as standards to assign the isomer peaks separated by IMS. Our results indicate that the *cis*-isomer is favored in these reactions.

Temperature and solvent effects
-------------------------------

Based on previous reports,[@cit13]--[@cit15] we expected that an increase in the temperature of the electrosprayed droplets would alter the ratio of products and intermediates. To probe this effect, we carried out the in-droplet reaction while varying the temperature of the electrospray emitter from 5 °C to 65 °C ([Fig. 3](#fig3){ref-type="fig"}) using a variable temperature ESI source described previously.[@cit66] As temperature is increased, the abundance of the *m*/*z* = 191, 261 and 283 ions increases, which corresponds a late-stage intermediate and the products of the reaction. At the highest temperature, the products are favoured almost exclusively.

![The effect of temperature on the product distribution of the microdroplet-catalyzed Biginelli reaction. Elevated temperatures show higher product : intermediate ratios.](c9sc00704k-f3){#fig3}

Finally, we note that the in-droplet Biginelli reaction also shows a strong solvent dependence. A series of systematic studies were performed by varying the solvent composition (*e.g.*, different proportions of water, methanol, and ethanol). Aqueous mixtures of methanol or ethanol show more efficient product formation compared with pure methanol, ethanol and water. These results could be attributed to several factors. For example, changes in solvent will impact droplet size and the evaporative cooling rate. Interestingly, the predominant reaction mechanism was different when using various solvent systems. The major pathway in aqueous methanol mixtures follows the enamine pathway ([Scheme 4c](#sch4){ref-type="fig"}) as the intermediate peaks that were detected for *m*/*z* = 173 and 191 were of higher intensity than those with *m*/*z* = 261 and 279 ([Fig. 4](#fig4){ref-type="fig"}). Whereas in aqueous ethanol, the mechanism shifts towards the Knoevenagel pathway ([Scheme 4a](#sch4){ref-type="fig"}) as *m*/*z* = 219 and 261 are relatively more significant intermediates ([Fig. 4](#fig4){ref-type="fig"}). However, with water as a solvent 149 peak was observed next to *m*/*z* = 153 that corresponded to the iminium pathway ([Scheme 4b](#sch4){ref-type="fig"}). The alteration in solvent system causes the alteration in the pH of the microdroplet system which further justifies that many factors play a role in microdroplet-catalysed reactions and routes the subsequent reagents take in the formation of the desired product.[@cit33]

![The choice of solvent had a significant effect on the product distribution and conversion. 1 : 1 MeOH in water was found to be optimal.](c9sc00704k-f4){#fig4}

Occurrence of the same intermediates in the bulk-phase Biginelli reaction and the accelerated reaction occurring in droplets establishes the conflicting reports on reaction mechanism. Exploration of the solvent system, the concentration of the reagents (see ESI[†](#fn1){ref-type="fn"} for details), and temperature effects for the electrospray reaction emphasizes the role that droplet desolvation and the corresponding energy provided to the droplet plays in reaction progress on the microsecond timescale.

Conclusions
===========

An ESI-based microdroplet-catalyzed Biginelli reaction was developed. The reaction occurs on a microsecond timescale in microdroplets with a massive rate acceleration relative to the analogous bulk-phase Biginelli reaction. Our studies showed that a 1 : 1 methanol : water system gave the best conversion to products. Higher temperature, lower concentration of the reagents in the solution, smaller emitter tip sizes and theta *vs.* single barrel tips play role in the acceleration of the MCR and the pathway it undergoes to form the desired product. Offline collection of the product further solidified the importance of reactions happening in microdroplets.

Experimental
============

Reagents
--------

All reagents including benzaldehyde, ethyl acetoacetate, urea, methanol, ethanol and deionized water were purchased from Sigma-Aldrich (Milwaukee, WI) and used without any further purification.

Electrospray source
-------------------

Different experiments used the different electrospray ionization sources. For the rate acceleration studies theta tips were pulled to an inner diameter size of ∼6 μm. All solutions were freshly prepared. Temperature and solvent studies were carried out using variable-temperature nano-ESI source, described in detail previously.[@cit42],[@cit66] Many other electrospray parameters had to be optimized including concentration, size of the emitter tip, distance between the ESI emitter and the inlet of the mass spectrometer, and the applied voltage (see ESI[†](#fn1){ref-type="fn"} for details). Control NMR experiments were run to ensure that the condensation was not taking place in bulk-phase.

On-line analysis
----------------

Online monitoring of reaction intermediates was done using either an ion trap mass spectrometer (LTQ -- Velsos, Thermo Fisher, Waltham, MA.) or an ion mobility spectrometry-mass spectrometer (home-built). Variables including the distance between the spray source and the MS-inlet, the inlet temperature, concentration of the reagents, and the reagent flow rate were optimized to maximize product/intermediate abundance (see ESI[†](#fn1){ref-type="fn"} for details).

Off-line analysis
-----------------

For the collection of electrosprayed droplets, the spray source was kept close to the collection surface to minimize release of solvent vapor into the air and to maximize droplet collection. Product collection was performed at room temperature on a grounded glass wool surface. Quantitative and structural analysis of the collected spray product (as well as the products of the bulk reactions) was performed using ^1^H and ^13^C NMR (see ESI[†](#fn1){ref-type="fn"} for details). Bulk-phase reactions were performed for comparison with reactions occurring in the electro-sprayed droplets.
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